Abstract-The instantaneous reactive power theory was published 25 years ago, in an IEEE TRANSACTIONS. Since then, it has been the most used in nonlinear load compensation with active power filters. Its application allows constant source power to be obtained after compensation in a simple way. Moreover, some researches have showed up some limitations of the theory, i.e., it goes optimally with source voltage balanced and sinusoidal, but not so good with source voltage unbalanced and/or nonsinusoidal, since the source current obtained is not balanced and sinusoidal. This paper presents a new compensation strategy in phase coordinates, equivalent to the original theory's one. Its simplicity, due to the nonnecessity of coordinate mathematical transformation, makes easier the modifications necessary to obtain alternative compensation objectives. In this way, this paper presents those modifications and derives compensation strategies that obtain alternative compensation objectives: unity power factor or balanced and sinusoidal source current. Finally, compensation strategies are applied to a practical power system, and the results are presented.
I. INTRODUCTION
T HE instantaneous reactive power theory was initially published in English in the Proceedings of the International Power Electronics Conference in 1983 [1] . However, it was in 1984, after its publication in an IEEE TRANSACTIONS, when this theory became well known worldwide [2] . Since then, the instantaneous reactive power theory has been the most used compensation strategy in active power filters (APFs). Indeed, the strategy proposed obtains sinusoidal and balanced currents, constant instantaneous power, and unity power factor in the source side when the voltage applied is balanced and sinusoidal [2] . In any other case, i.e., when the voltage is unbalanced and/or nonsinusoidal, the instantaneous power is constant after compensation in the source side, but the current is not balanced and sinusoidal, and the power factor is not the unity [3] , [4] .
Thus, from the point of view of research, the publication of the instantaneous reactive power theory caused a great impact in compensation techniques. Therefore, many approaches have been published since then [5] - [14] . In fact, in the 1990s, the interest was specially focused on the study of three-phase four-wire systems at most general conditions: unbalanced and nonsinusoidal source and nonlinear unbalanced load. The first objective was to find control strategies which allow the neutral current elimination with a null average power transferred by the compensator. Thus, besides the original formulation, among others, the modified p-q or cross product formulation [5] - [7] stand out. A comparative evaluation of those theories was carried out when they were applied to obtain active power line conditioners control algorithms for unbalanced systems with nonsinusoidal voltage. At these conditions, each theory produced different results, without obtaining the opportunity to establish, in a general way, the advantage of any one theory over the others [8] . Other remarkable formulations are the d-q [9] , or its alternative, the id-iq [10] in the rotating frame, the p-q-r formulation [14] , and the vectorial formulation [11] , [12] . All of them relate the energy transfer in a three-phase system in function to the instantaneous power (instantaneous real power) p(t) and to the instantaneous imaginary (or reactive) power, depending on the formulation. This last quantity establishes the difference between the instantaneous reactive power theory and the rest of other possible theories about the electric power. All of these works have been published trying to improve the results obtained by the instantaneous reactive power theory in three-phase four-wire systems in any voltage supply conditions. In [13] , the results of applying the compensation strategies derived from those relevant theories to a same power system are presented. It shows that none of those theories obtain balanced and sinusoidal source current if the voltage is unbalanced and nonsinusoidal.
In this paper, the instantaneous reactive power theory is presented, and its compensation strategy is applied to a threephase four-wire power system. In addition, an equivalent formulation developed in phase coordinates is presented. It is not a new theory but a different formulation. Thus, the results obtained by both are the same. However, the simplicity of the new formulation makes easier the derivation of compensation strategy. Moreover, the simplicity of the new formulation in phase coordinates allows alternative compensation strategies to be obtained which produce balanced and sinusoidal source current in any voltage supply conditions. The results obtained when applying the compensation strategies in phase coordinates to a three-phase four-wire system are presented. This paper is organized as follows. In Section II, the instantaneous reactive power theory is presented. In Section III, the formulation developed in phase coordinates is presented, as well. The results obtained when applying the compensation strategy in phase coordinates to a practical nonlinear threephase system are presented. In Section IV, alternative strategies corresponding to different compensation objectives are derived. They are applied to the practical system, and the results are presented. Finally, in Section V, some conclusions are established.
II. INSTANTANEOUS REACTIVE POWER THEORY
The voltage vector in phase coordinates corresponding to a three-phase system is expressed as follows:
where the instantaneous imaginary power has been defined as the norm of the instantaneous imaginary power vector q αβ (t). This has been defined as the cross product of voltage and current vector in αβ coordinates.
Equations (5)- (7) define the three power variables, which may be expressed in matrix form as follows:
From this equation, current may be expressed according to the power quantities as ⎡
where
. From now on, it is possible to talk about compensation. The compensation current in matrix form derived from the instantaneous reactive power theory is ⎡
where the subindex "C" means compensation component. It is, p C0 means the compensation zero-sequence instantaneous power, p Cαβ the compensation instantaneous power without zero-sequence, and q Cαβ the compensation instantaneous imaginary power. The values assigned to p C0 , p Cαβ , and q Cαβ are established applying the constant power compensation developed along the present section.
Moreover, in addition to the constant power compensation imposed by the original p-q authors, they add the constraint of eliminating the neutral current. Therefore, the current zerosequence component must be
where the subindex "L" means incoming to the load. On the other hand, the p-q formulation evolves the total compensation of the instantaneous imaginary power. Therefore,
With respect to instantaneous power, the p-q formulation considers the constraint of eliminating the active power supplied by the compensator besides the achievement of constant source power. In this way, the instantaneous power required by the load is
where subindex "S" means "source component." The load instantaneous power can be expressed as follows, too:
where the uppercase P means the instantaneous real power average value, and the symbol "∼" over the letter, the oscillating component [4] . The compensation instantaneous power can be divided into its zero-sequence component and its αβ component and according to (11) 
Considering (13)- (15) 
Taking into account that the source must supply the constant component of the instantaneous power incoming to the load
Moreover, introducing (17) in (16), it is
Operating and according to (11) , (18) is Finally, the αβ-component of the instantaneous real power transferred by the compensator is
Therefore, the complete compensation strategy in matrix form is as follows:
Therefore, the p-q theory compensates the oscillating component of the total instantaneous real power and the total instantaneous imaginary power. Moreover, it eliminates the neutral current and the active power exchanged by the compensator is null.
III. INSTANTANEOUS REACTIVE POWER FORMULATION IN PHASE COORDINATES SYSTEM
In this section, an alternative formulation is presented. It is equivalent to the derived in the previous section from the instantaneous reactive power theory, although its formulation is simpler than the other. This simplicity makes possible the achievement of modified compensation strategies which obtains balanced and sinusoidal source current in any voltage conditions.
Considering the voltage and current vectors in phase coordinates presented in (1) and (2), a zero-sequence voltage vector can be defined as follows:
The zero-sequence axis is orthogonal to the plane αβ and to the plane 123 according to the Clark transformation. Thus, applying vectorial algebra, the definition of a voltage vector without zero-sequence component v is possible
The zero sequence voltage vector and the voltage vector without zero-sequence component are orthogonal (Fig. 1) . Thus, two current vectors can be defined as the projections of the current vector over both. Therefore, the zero-sequence current vector is defined as follows:
where p 0 (t) agrees with the zero-sequence instantaneous power defined in the p-q formulation. Equation (24) is based on the fact that one vector and the projection of another vector over the first are in the same direction. Therefore, considering that the only component of the load current that is in the v 0 direction is i 0 , it is
From (25),
Moreover, the product of (26) and the unitary vector corresponding to v 0 is
The development follows is valid for any waveform and no constrains have been applied. Thus, it is good for unbalanced and/or nonsinusoidal voltages and currents.
In the same way, the instantaneous active current without zero-sequence component is defined as
where p v (t) agrees with the αβ instantaneous real power defined in the p-q formulation. Total instantaneous real power can be calculated as follows:
The difference between load current and the sum of zerosequence current and instantaneous active current without zerosequence component is named instantaneous reactive current i q
As the first two current components, instantaneous reactive current can be calculated as the projection of the current vector over a new voltage vector, named orthogonal voltage vector v q , which is calculated as follows [11] :
The orthogonal voltage vector is orthogonal to the voltage vector and to the voltage vector without zero-sequence component.
Therefore, the instantaneous reactive current can be expressed as
where the numerator q(t) is the instantaneous imaginary power defined in the p-q theory. Therefore, the load current can be expressed as the sum of the three components calculated above
Now, the compensation strategy is developed.
A. Constant Power Compensation
In this new framework, it is possible to obtain constant power after compensation. In this case, the source current must be
Combining (33) and (34), the compensation current is
Introducing (23) in (35), we obtain
The compensation current formal expression divided in three components (zero-sequence component, component without zero sequence, and orthogonal component) is as follows:
From (36) and (37), the formal term related to the instantaneous power without zero-sequence component has the following expression
The term related to the instantaneous reactive current
Moreover, the compensation current zero-sequence component is
Therefore, from (38), the compensation instantaneous power without zero-sequence component is
The compensation instantaneous reactive power
Moreover, the compensation zero-sequence instantaneous power
B. Constant Power Compensation Eliminating the Zero-Sequence Component Current
If, besides constant power after compensation, the neutral current must be eliminated, the source current should be
Following the development presented in the previous section, compensation current corresponding to this new variant has the next value
where the term related to the instantaneous power without zerosequence component has the following expression
The term related to the instantaneous reactive power
Therefore, the compensation instantaneous power without zero-sequence component is
Moreover, the compensation instantaneous power zerosequence component is
The compensation current calculated in (45) to obtain constant power eliminating neutral current, can be expressed in the αβ coordinates system. In this way, and taking into account that
(45) can be expressed as
where the following equalities have been considered about the parameter in both coordinate systems
From (24), (54) is as follows:
Finally, (56) can be expressed in matrix form as ⎡
This strategy is the same as the one presented in (21). It obtains constant power after compensation and eliminates neutral current. The result (57) shows that compensation currents i C0 , i Cα , i Cβ obtained according to the development presented in this section are the same as the ones obtained according to the development corresponding to the original p-q formulation.
C. Simulation Results
This compensation objective (constant power) develops the compensation of total instantaneous imaginary power and variable part of instantaneous power.
Notice that to reduce the line losses as much as possible without altering the instantaneous power (or the instantaneous active current), i.e., without using energy storage, the imaginary power, or equivalently the instantaneous reactive current, should be annihilated. The magnitude of instantaneous imaginary power or the length of the instantaneous reactive current characterizes the instantaneous line loss component which can be reduced by elements without energy storage. The compensation with energy storage corresponds to reducing the average loss, without altering the average power transfer. This is the case of constant power after compensation.
This strategy has been applied to the power system shown in Fig. 2 . It is a three-phase four-wire system whose load is made up of three face-to-face silicon-controlled rectifiers with a star connected resistor on the right-hand side. The source impedance is 1 Ω in each phase, and the values of the load resistors are 10, 5, and 15 Ω corresponding to phases 1, 2, and 3, respectively. It makes the load unbalanced.
The results of applying the compensation strategy to the system shown in Fig. 2 when the source is balanced and sinusoidal with a rms value of 100 V are shown in Figs. 3 and 4 . In fact, the instantaneous power after compensation is constant. In addition, the source current is balanced and sinusoidal.
If source voltage is unbalanced with rms values of 100, 80, and 110 V corresponding to phases 1, 2, and 3, respectively, the instantaneous power after applying the compensation strategy to the same power system is constant (688 W) although the source voltage is not balanced and sinusoidal. The source current is shown in Fig. 5 . It is not sinusoidal, although the distortion presented by the waveform after compensation is much lower than the one presented before. In the case of distorted voltage supply, the instantaneous power after applying the compensation strategy to the same power system is constant (757 W) although the source voltage is not balanced and sinusoidal. The source current, as shown in Fig. 6 , is not sinusoidal, although the distortion presented by the waveform after compensation is much lower than the one presented before. The results shown in Figs. 3-6 are the same as the ones obtained by the original theory. It proves that the compensation strategy proposed is not a new theory but a new formulation whose expression is easier to obtain than the original theory's. On the other hand, to obtain sinusoidal source current, as some other authors consider [13] - [17] , the instantaneous reactive power theory has to be submitted to a few modifications [4] , as presented in next section. This calculation becomes easier from the phase coordinate expression.
IV. BALANCED AND SINUSOIDAL SOURCE CURRENT
The strategies presented in Section III obtain constant source power, unity power factor, and balanced and sinusoidal source currents when the voltage applied is balanced and sinusoidal. Nevertheless, if the voltage applied is unbalanced and sinusoidal, the source current after compensation is not balanced and sinusoidal. Besides, if the voltage applied is balanced nonsinusoidal, the source current is distorted, too. Therefore, in the case of unbalanced and/or nonsinusoidal voltage, the compensation strategy has to be modified to obtain balanced and sinusoidal source current [4] .
Therefore, according to [14] - [17] , the source current must be proportional to a balanced and sinusoidal voltage vector, i.e., the voltage vector positive-sequence phase component. The proportional constant value must guarantee a null active power supplied by the compensator. Thus, the source current is
where U + is the voltage vector positive sequence component rms value
and u On the other hand, if the voltage is balanced nonsinusoidal, to obtain a sinusoidal source current and according to [14] - [17] , the compensation strategy must be the following:
where u f is the voltage vector fundamental component and U f its rms value
and u 1f , u 2f , and u 3f are the components of the voltage vector fundamental component u f .
If the voltage applied is unbalanced and nonsinusoidal, the compensation strategy is a composition of the two previous ones
where U + 1 is the voltage vector positive sequence fundamental component rms value Fig. 7 shows the results of applying this strategy to the system shown in Fig. 2 . Fig. 7(a) corresponds to an unbalanced and sinusoidal voltage supply and Fig. 7(b) to a balanced and nonsinusoidal one. In both cases, the source current is balanced and sinusoidal, as can be seen.
An experimental prototype has been developed corresponding to the power system shown in Fig. 2 . The trigger control, for power electronic devices that constitute the APF, has been implemented through a digital signal processor control board system. The constant power compensation strategy (proposed in [1] and [2] ) and the new one (sinusoidal balanced compensation strategy) have been implemented in the control system. The experimental results corresponding to an unbalanced voltage supply are shown in Fig. 8 . There, constant power compensation strategy presents a source current waveform [ Fig. 8(a) ] different from the sinusoidal waveform than that obtained applying the new strategy [ Fig. 8(b) ].
As reference, both waveforms total harmonic distortion measures are indicated. Thus, the corresponding to the constant power compensation is 16%, and the corresponding to the sinusoidal and balanced source current compensation is 6%. Besides, applying the last strategy, the source current after compensation is balanced. In any case, it is necessary to consider that these are experimental results where there is an unavoidable ripple due to the threshold band imposed by the pulsewidth modulation control.
V. CONCLUSION
The original p-q formulation has been analyzed. An equivalent development has been presented in phase coordinates, which allows compensation strategy in a simpler way than the corresponding to the original formulation to be obtained. The new development makes possible, in an easy way, alternative compensation objectives. Thus, the analysis of constant power compensation and constant power compensation eliminating neutral current have been carried out. On the other hand, alternative compensation strategies are derived that obtain balanced and sinusoidal source current in any supply voltage conditions. These new developments have been applied as simulation and experimental example to a three-phase four-wire power system, and the results are presented.
